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INTRODUCTION

A study has been made of the accuracies that are attained by using four different
fire control systems on each of several small arms. Its purpose is to get exact informa-
tion about the relative advantages of these systems. The results of this study should,
therefore, make it easier to decide intelligently what fire control system to provide for
what weapon. Here, "accuracy" means the standard deviation of the angle, measured
at the shooter, between the bullers point of impact and the point that the shooter wants
to hit.

In this study, it was assumed that no f*'e control system has a fixed bias, that the
mean point of impact over a long period of time was the "bull's eye" in every case. It
was then reasonable to model the probability density function of the bullet's angular
dispersion as a two-dimensional normal distribution, the standard deviations of which
are the bullet's accuracies in the horizontal and vertical directions. Probabilities of hit
on a standard NATO target were then calculated for every fire control system, weapon,
and range by a computer program that is based on this model (ref 1). The probabilities
of hit (app A) were based on error budgets that were developed for quasi-combat
conditions. The probability of hit is the ultimate figure of merit for a fire control system.

ANALYTICAL APPROACH

The different error sources were divided into occasion-to-occasion errors and
round-to-round errors.

Occasion-to-occasion errors are errors which change so slowly that they can be
considered to be constant throughout an engagement. The occasion-to-occasion errors
that were calculated were errors in range to the target, wind speed and direction,
muzzle velocity, air temperature, air density, boresighting, fire control solution and
zeroing, together with failure to take account of the gun's cant, earth rate, site angle,
reticle gradations and jump dispersion.

Ignorance or error about the target range or the wind velocity will clearly produce
errors in aiming.

Muzzle velocity varies according to the temperature of the propellant. An error in
muzzle velocity will, therefore, produce an error in aiming especially if the target is
moving.

Air temperature determines propellant temperature, which in turn affects muzzle
velocity.



The gun and sighting system must be optically aligned, that is to say, boresighted
to provide accurate firing. Repeated firings and other vibration will cause deviations
from this alignment. This is the boresight error.

The solution that is provided by the fire control system will contain some error
because of approximations and tolerances in construction. This is the fire control
solution error.

A gun is zeroed by shooting several times at a target that is a known distance from
the gun and adjusting the fire control system so that these shots fall on the target.
Atmospheric conditions will probably be nonstandard when this is done. A!so only a
few shots are fired for zeroing; so there will probably be an error in zeroing.

Errors are introduced into the superelevation calculations when the vehicle is
canted because of uneven terrain. The same sort of error occurs when the gun is
handheld for it will probably not be held perfectly vertical. This is the cant error.

Earth rate errors are caused by not taking the Coriolis force into account. This
error is quite small but it has been included in the analysis all the same. If the gun and
target are not at the same elevation, the fact that the trajectory of a round is not rigid
causes a site-angle error. The profile of the trajectory cannot simply be tilted to the
target's elevation and keep its original shape. The amount of error is small at low
ranges but becomes important as range increases.

A reticle is a set of lines or cross-hairs on a sight, each of which corresponds to a
certain range and gives the correct superelevation for that range. But if the target's
range is not one of those that are marked on the reticle, the shooter will have to esti-
mate the superelevation. This error in doing so is the reticle error.

Jump dispersion error is the net result of unknown combinations of error which are
present at all firings and are constant for a particular vehicle, gun, and ammunition lot.
This is a fixed bias which is corrected in any fire control system. But there is a residual
variable jump dispersion error which is one of the occasion-to-occasion errors.

It was assumed that all of the above sources of error were statistically independ-
ent and that the horizontal and vertical components of each source of error were statisti-
cally independent. Therefore, considering only horizontal components of error, the
variance of the occasion-to-occasion error is the sum of the variances of all the sources
of such error. The same holds for the variance of the vertical component of the
occasion-to-occasion error. This is how the variances of both components of the
occasion-to-occasion error were calculated.

2



In contrast to occasion-to-occasion errors, round-to-round errors change, as the
name implies, from round to round. Round-to-round errors are random, taking on
different values for every round so that no correction can be made by the fire control
system. The round-to-round errors that were considered were ammunition dispersion
and errors in aiming and resolution.

Ammunition dispersion is due to the number and size of the propellant grains in
the projectile, the fit of the projectile to the case, the position of the round in the cham-
ber, etc. It must be treated as a round-to-round error.

The resolution of an optical system is the smallest angle between two points which
the system can still resolve, that is, recognize as two points rather than one. The
resolution of the human eye is about 12 seconds of arc or 0.06 mil. This limited resolu-
tion of the eye is a source of error which, like the aiming error, varies from round to
round.

There will be a randomly varying aiming error no matter how clearly the shooter
sees the target. The point at which he aims is bound to wander a little.

As with the occasion-to-occasion errors, it was assumed that all sources of round-
to-round error were statistically independent and that the horizontal and vertical com-
ponents of each source of error were also statistically independent. The variances of
the horizontal and vertical components of the round-to-round error were calculated by
adding the variances of the horizontal and vertical components, respectively, of the
error sources.

Naturally, most of these errors depend on range so it was necessary to make a
separate calculation for every range to be considered. The ranges 200 m, 400 m, 600
m, and so on up to 2000 m were used in this study.

The computer program that calculates probability of hit is based on the following
model (ref 1). For a given range, let the standard deviations of the horizontal and
vertical components of the occasion-to-occasion error be SX and SY and of the round-
to-round error be SXP and SYP. The program assumes that the impact points of the
bullets have a two-dimensional normal distribution with standard deviations SXP and
SYP and means mx and my. For their part, mx and my have a two-dimensional normal
distribution with standard deviations SX and SY and means 0 and 0. This corresponds
to the idea that we assume no fixed bias and that the temporary bias for one engage-
ment is (mx, my), which is itself normally distributed. The program then calculates the
probability of hit of a single bullet as the integral of this probability distribution over the
target. The targets will be described in the next section.
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EQUIPMENT STUDIED

The four fire control systems used in the analysis provided different amounts of
compensation for system errors. They are described below in the order of increasing
complexity.

System 1 consists of iron sights only. These are posts mounted on the barrel and
breech of the weapon which are used to align the weapon and target. No other fire
control instrument is employed. This system is the current level of equipment on the M2
and M60 machine guns.

System 2 consists of a telescopic sight, a stadia range finder and a ballistic reticle.
The user of a stadia range finder must know the true size of the target. It may, for
instance, be an enemy vehicle with which he is familiar. The stadia range finder then
supplies the target's range from its angular size. Knowing the range to the target, the
shooter can get the correct superelevation from the ballistic reticle.

System 3 consists of a telescopic sight, a laser range finder, and a ballistic reticle.
A laser range finder is more accurate thar a stadia range finder and so the user gets a
better value of the superelevation from the ballistic reticle than he would with system 2.

System 4 consists of a telescopic sight, a laser range finder, a ballistic computer,
and sensors for cross-wind speed, air pressure and air temperature, ammunition
temperature, and weapon cant.

The ballistic computer calculates air density from the air pressure and tempera-
ture. The ammunition temperature is not precisely the temperature of the ammunition.
It is the air temperature in the container where the ammunition is kept. Nonetheless, it
is assumed that the error in muzzle velocity is reduced 40% by making use of this
temperature. The cant of vehicle is rotation about a front-to-back axis. It is sometimes
called trunnion roll.

The ammunitions studied are .50 cal M8 API (armor-piercing incendiary), the M20
API-T (armor-piercing incendiary-tracer), the M33 ball and the XM903 SLAP (sabot-
launched, armor penetrating), all fired from the M2 machine gun; the 7.62 mm M80 ball
and the XM948 SLAP, both fired from the M60 machine gun; and the Ml 18 NM
(national match) fired from the M21 and M24 sniper weapons.

2The study assigned the NATO vehicle target, which is 2.3 m , to the AP and SLAP
rounds. The target for the other rounds was a rectangle, 1 meter high and 1/2 meter
wide, which represents a crouching man. It is similar to the NATO personnel target.
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EXPLANATION OF ERROR BUDGETS

The error budgets list (app B) standard deviations of angular error. The unit for all
of them is the Army mil, where 6400 Army mils = 360 degrees = 2n radians. The stand-
ard deviations of the horizontal and vertical components of error have been calculated
separately and are listed separately under the column headings H and V. These
horizontal and vertical components of error were calculated for every target range from
200 m to 2000 m at intervals of 200 m and are presented as a pair of H and V columns
headed by the range. The rest of this section will be devoted to explaining the calcula-
tion of all the kinds of errors that appear in the error budgets.

Range Error

The error in a naked eye estimate of range is taken as 21%. Let R and E denote
range and superelevation. Then the angular range error for system 1 is 0.21 R dE/dR
(ref 2, pp. 32 - 33). The rate dE/dR depends on range and was calculated by Ballistic
Research Laboratory (BRL) at the Aberdeen Proving Ground, MD (app C). This range
error is in the vertical direction. The horizontal range error is zero for all systems.

The range error when using a stadia range finder is taken as 15%. It follows,
using the same notation as above, that the range error for system 2 is 0 15 R dE/dR in
the vertical direction.

System 3 and 4 have laser range finders for which the error is 10 m. So, for these
systems, the vertical range error is 10 dE,'dR.

Cant Error

Cant error is only in the horizontal direction. It was calculated from the formula
CE = 0.001SC, where CE, S, and C are the cant error, supereevaion and standard
deviation of cant, all in mils (ref 2). The superelevation was calculated for each round
and range by BRL (app C); C was 5 degrees for systems 1 through 3 for which there
was no cant sensor and set at 0.5 degrees for system 4 which has a cant sensor.

Error Caused by Wind

The error caused by cross-range wind is entirely horizontal and is shown in the H
column. On the other hand, the error caused by range wind is entirely vertical and so is
shown in the V column. A mean value of 3.35 m/s was taken for both range and cross-
range wind for systems 1, 2, and 3. The mean value of the range wind was also set at
3.35 m/s for system 4. But the cross-range wind was set at 1.75 m/s for system 4 since
it has a sensor for cross-range wind. The error was found from the unit effects data at
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the fixed range calculated by BRL (app A). For instance, let the round in question be
the 7.62 mm ball M80. A 1 m/s range wind causes an increase of 0.0433 m in height at
a range of 1000 m. So. a 3.35 m/s range wind causes an increase of 3.35 x 0.0433 m
in height at the range, which is an angular error of 3.35 x 0.0433/1000 radians which is
easily converted to mils.

Error in Velocity

The term velocity here refers to muzzle velocity. The angular deviation caused by
an error in the muzzle velocity is in the vertical direction alone. The primary reason for
variation in the muzzle velocity is variation in the temperature of the propellant. The
mean error in the muzzle velocity was taken as 10 m/- in systems 1 through 3 and 2
m/s in system 4 which senses the temperature of the ammunition container.

The error was found from the unit effects data at a fixed range in the data from
BRL. For instance, let E denote the change in height, measured in meters, which
results from a 1 m/s change in velocity when the range is R. The mean angular error for
systems 1 through 3 is then 10 E/R radians for systems 1 through 3.

Temperature Error

The temperature in question is air temperature. A change in air temperature will
cause a change in propellant temperature, which in turn affects muzzle velocity, which,
in turn, will affect the round's trajectory. Failure to take account of this results in a
temperature error. This error is in the vertical direction.

The mean temperature error was taken as 5% of absolute temperature (Rankine
or Kelvin temperature) for systems 1 through 3. The error was 1% of absolute tempera-
ture for zysem 4 which has a te-iperature sensor. This Prror is calculated from the
data in appendix A, the same as the velocity error.

Air Density Error

A false value of air density will cause an angular error in the vertical direction. The
mean air density error was taken as 5% of absolute air density for systems 1 through 3
and 1 % of that for system 4, which senses air pressure and temperature.

This error is calculated from the data in appendix C. the same as the wind,
velocity, and temperature errors.
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Earth Rate

Because the earth is, in reality, a moving platform, firing a projectile from the earth
introduces an error caused by Coriolis acceleration (moving bodies on moving frames of
reference). The horizontal and vertical values for the error are:

XE = -(sin L) (cos A)E

YE = -(cos L) (sin A)E

where

L is latitude (north, positive; south, negative)

A is azimuth (north, zero, clockwise)

E is Coriolis acceleration

t t

E = f 2/0 x V/dt ds
0 0

where

0 is the earth's rotation vector (rad/s)

V is the shell's velocity vector (m/s)

t is the time of flight (sec)
p

While this integration looks forbidding, it can be accomplished graphically in a
short time by plotting 20 V against time and finding the area from zero to the time of
flight for the range in question. Plotting this area against time and repeating the proc-
ess yields the desired E.

In estimating the standard deviation, the placement of iand masses on the earth's
surface suggests that the latitude readings will be biased toward the northern hemi-
sphere while the azimuth is uniformly random in all directions. Since the azimuth is
random and little more can be said about the likelihood ot combat at anty particular
latitude, a value of 45 degrees has been chosen as OL and OA to minimize the error in
both directions.
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Consequently, the standard deviations of the horizontal and vertical components

of the error are:

xT = JEl (sin 45 degrees cos 45 degrees) = 0.5 IEl

CF = IEI (cos 45 degrees sin 45 degrees) = 0.5 IEl

Site Angle

Site angle error was calculated by the formula SAE = SE (1-COS T) where SAE,
SE, and T denote site angle error, superelevation, and a terrain feature similar to cant.
respectively. SAE and SE are in mils.

SE is part of the data in appendix A. T was set at 2 degrees for all fire control
systems.

Reticle Error

It was decided that the mean range error, when using a reticle, was 20 m. The
resulting angular error is then 20 dE/dR, where R is range in meters and E is super-
elevation in mils and dE/dR can be found in appendix A.

The method is the same as with range error.

Only systems 2 and 3 have reticle errors for only those systems have reticles.
Reticle error is vertical.

Boresight, Fire Control Solution, Jump Dispersion, and Zeroing Error

All of these error sources are the same for all systems, all ranges, and both direc-
tions. The values assigned to boresight, fire control solution, jump dispersion, and
zeroing error were 0.1 mil, 0.1 mil, 0.25 mil, and 0.3 mil, respectively.

Aiming Error

The vertical aiming error is based on 1/6th of the target's height. Similarly, the
hor'zontal aiming error is based on 1/6th of the target's width. So if T is the appropriate
target dimension and R is the range, then the aiming error is T/6R radians.

The target for the AP and SLAP rounds was a NATO vehicle target which is 2.3
2m . The target for the other rounds was a rectangle 1 m high and 1.2 m wide which

resembles the NATO personnel target.
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Resolution

The value of 0.06 mil was used for the resolution error for all systems at all ranges
and for both horizontal and vertical error.

Bullet Dispersion

The value of bullet dispersion is mils depends on the round and, in some cases,
on direction. It is independent of system and range. These values were obtained from
the appropriate ammunition authorities.

CONCLUSIONS

System 4 should be used with all weapons except the M21 and M24 sniper weap-
ons for which it produces only a slight improvement over their present fire control
systems.
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APPENDIX A

TABLES OF PROBABILITY OF HIT
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The seven tables that follow present probabilities of hit for every ammunition
and fire control system and for every range from 200 m to 2000 m. All tables,
except the last one, show the probability of at least one hit from five shots and
from ten shots. The last ammunition is the 7.62 mm M1 18 National Match. This is
used only in a sniper rifle so only single-shot hit probabilities have been calculated
for it.

2
The NATO vehicle target, which is 2.3 m , was assigned to the AP and SLAP

rounds. The target for the other rounds was a rectangle, 1-m high and 1/2-m
wide, which represents a crouching man. It is similar to the NATO personnel
target.

The reader can see how the probability of hit decreases with increasing
range and how it increases as the fire control system improves.
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.50 CAL M8 API

PROBABILITY OF I OR MORE HITS PROBABILITY OF 1 OR MORE HITS
IN 5 SHOTS IN 10 SHOTS

RANGE
(METERS) SY' SYS 2 SYS 3 SYS 4 SYS I SYS 2 SYS 3 SYS 4

200 1. 1. 1. 1. 1. 1. 1. 1.

400 .9992 .9996 .9998 .9999 1. 1. 1. 1.

600 .9365 .9611 .9789 .993 .9842 .9938 .9974 .9999

800 .667 .7492 .8538 .9462 .8059 .8805 .946 .995

1000 .3714 .4562 .6473 .8374 .5058 .6106 .799 .9615

1200 .1844 .2401 .4495 .6904 .2727 .3522 .6114 .8767

1400 .0893 .1198 .2935 .5409 .1399 .187 .4333 .7506

1600 .044 .0599 .1821 .4098 .072 .0979 .2871 .6109
1800 .023 .0315 .1125 .3083 .0388 .0532 .186 .4857
2000 .013 .0179 .0708 .2333 .0225 .031 .1211 .3836
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.50 CAL M20 APIT

PROBABILITY OF 1 OR MORE HITS PROBABILITY OF 1 OR MORE HITS

IN 5 SHOTS IN 10 SHOTS

RANGE
(METERS) SYS 1 SYS 2 SYS 3 SYS 4 SYS I SYS 2 SYS 3 SYS 4

200 1. 1. 1. 1. 1. 1. 1. 1.

400 .9992 .9996 .9998 .9999 1. 1. 1. 1.

600 .9355 .9602 .9781 .9929 .9838 .9935 .9972 .9999

800 .6596 .7425 .8495 .9452 .7989 .8749 .9429 .9947

1000 .363 .4469 .6392 .834 .4953 .5995 .7907 .9593

1200 .1782 .2324 .4402 .6845 .2639 .3414 .6001 .8711

1400 .0856 .115 .2853 .5335 .1342 .1797 .422 .7419

1600 .042 .0572 .1761 .4026 .0687 .0934 .278 .6012

1800 .0218 .0298 .1076 .3015 .0368 .0504 .1781 .4757

2000 .0001 .0168 .0667 .2266 .0211 .0291 .1142 .3732
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.50 CAL M33 BALL

PROBABILITY OF 1 OR MORE HITS PROBABILITY OF 1 OR MORE HITS
IN 5 SHOTS IN 10 SHOTS

RANGE
(METERS) SYS 1 SYS 2 SYS 3 SYS 4 SYS 1 SYS 2 SYS 3 SYS 4

200 1. 1. 1. 1. 1. 1. 1. 1.
400 .9997 .9999 1. 1. 1. 1. 1. 1.
600 .9453 .9692 .9847 .9969 .9849 .9944 .9975 1.
800 .6774 .7609 .8649 .9589 .8075 .8821 .9461 .9963

1000 .3784 .4648 .6575 .8535 .509 .6142 .8004 .9657
1200 .1888 .2455 .4572 .705 .2765 .3566 .6146 .8835
1400 .092 .1233 .2994 .552 .1432 .1912 .4381 .7584
1600 .0445 .0607 .1857 .4178 .0725 .0986 .2909 .6182
1800 .0232 .0318 .1136 .3131 .039 .0535 .187 .4908
2000 .0131 .018 .0709 .2358 .0226 .0311 .121 .3865
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7.62 MM M80 BALL

PROBABILITY OF 1 OR MORE HITS PROBABILITY OF I OR MORE HITS

IN 5 SHOTS IN 10 SHOTS

RANGE
(METERS) SYS 1 SYS 2 SYS 3 SYS 4 SYS i SYS 2 SYS3 SYS 4

200 .9942 .9943 .9945 .9985 .9993 .9993 .9993 .9999

400 .6217 .6729 .7364 .8922 .7539 .8008 .8468 .9684

600 .1744 .2208 .3665 .6 .2528 .3174 .4992 .7748

800 .0417 .056 .149 .3356 .0665 .0892 .2309 .4987

1000 .0124 .017 .0583 .1816 .021 .0287 .0978 .2958

1200 .0046 .0063 .0251 .1018 .0081 .0112 .0442 .1757

1400 .002 .0027 .0118 .058 .0036 .005 .0214 .104

1600 .0009 .0013 .0059 .0331 .0017 .0024 .0108 .0608
1800 .0005 .0007 .003 .019 .0009 .0013 .0057 .0356

2000 .0003 .0004 .0016 .0109 .0005 .0007 .0031 .0207
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7.62 MM SLAP XM948

PROBABILITY OF I OR MORE HITS PROBABILITY OF 1 OR MORE HITS

IN 5 SHOTS IN 10 SHOTS
RANGE
(METERS) SYS 1 SYS 2 SYS 3 SYS 4 SYS 1 SYS 2 SYS 3 SYS 4

200 1. 1. 1. 1. 1. 1. 1. 1.
400 1. 1. 1. 1. 1. 1. 1. 1.
600 .9566 .9741 .9817 .9994 .9819 .9904 .9928 .9999
800 .5572 .6598 .807 .972 .6388 .7425 .8615 .9891

1000 .1917 .2529 .5146 .8302 .2349 .3081 .5869 .8889
1200 .0618 .084 .2537 .6106 .0783 .1063 .3105 .6907
1400 .0242 .0331 .1179 .4218 .0314 .043 .1509 .503
1600 .0105 .0144 .0564 .2736 .0139 .0191 .0743 .3438
1800 .0052 .0071 .0282 .167 .007 .0096 .038 .2195
2000 .0027 .0037 .0145 .0969 .0038 .0052 .02 .132
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.50 CALIBER SLAP XM903

PROBABILITY OF 1 OR MORE HITS PROBABILITY OF 1 OR MORE HITS

IN 5 SHOTS IN 10 SHOTS
RANGE

(METERS) SYS 1 SYS 2 SYS 3 SYS 4 SYS I SYS 2 SYS 3 SYS 4

200 1. 1. 1. 1. 1. 1. 1. 1.
400 1. 1. 1. 1. 1. 1. 1. 1.
600 .9986 .9996 .9999 1. .9998 1. 1. 1.
800 .9572 .9826 .9953 .9992 .9824 .9956 .9993 1.

1000 .7974 .8825 .9638 .9934 .8701 .9405 .9875 .9993
1200 .572 .6871 .8834 .9747 .6652 .7837 .9407 .9951
1400 .376 .4787 .7636 .9356 .4605 .579 .8514 .9812

1600 .2375 .313 .6285 .8749 .3032 .3967 .7344 .9518
1800 .1482 .1994 .4974 .7962 .1958 .2624 .6087 .9036

2000 .0914 .1246 .3773 .7068 .1244 .1691 .4832 .8382
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7.62 MM BALL M118 (MATCH)

SINGLE SHOT HIT PROBABABILITY
PALNH(1)

RANGE
(METERS) SYS I SYS 2 SYS 3 SYS 4

100 .9842 .9841 .9842 .9856
200 .8819 .8842 .8878 .9259
300 .6005 .6236 .6512 .7825
400 .3073 .3495 .4204 .6028
500 .1401 .1731 .2614 .4397
600 .0638 .0829 .1617 .3125
700 .0298 .0399 .0989 .2197
800 .0147 .0199 .0595 .1539
1000 .0041 .0057 .0213 .0759
1200 .0015 .0021 .0087 .0399
1400 .0006 .0009 .004 .0217
1600 .0003 .0004 .002 .0122
1800 .0002 .0002 .0011 .007
2000 .0001 .0001 .0006 .0041
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APPENDIX B

ERROR BUDGETS
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If there is only one number in a column, then the horizontal and vertical
components of the error are both equal to this number.

25
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APPENDIX C

BALLISTIC DATA FROM BRL
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The following ballistic data was calculated at the Ballistics Research Labora-
tory in Aberdeen, MD.
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